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Abstract: 
The purpose of this study was to compare oxidative modification of blood proteins, lipids, DNA, 
and glutathione in the 24 hours following aerobic and anaerobic exercise using similar muscle 
groups. Ten cross-trained men (24.3 ± 3.8 years, [mean ± SEM]) performed in random order 30 
minutes of continuous cycling at 70% of V˙O2max and intermittent dumbbell squatting at 70% 
of 1 repetition maximum (1RM), separated by 1–2 weeks, in a crossover design. Blood samples 
taken before, and immediately, 1, 6, and 24 hours postexercise were analyzed for plasma protein 
carbonyls (PC), plasma malondialdehyde (MDA), and whole-blood total (TGSH), oxidized 
(GSSG), and reduced (GSH) glutathione. Blood samples taken before and 24 hours postexercise 
were analyzed for serum 8-hydroxy-2'-deoxyguanosine (8-OHdG). PC values were greater at 6 
and 24 hours postexercise compared with pre-exercise for squatting, with greater PC values at 24 
hours postexercise for squatting compared with cycling (0.634 ± 0.053 vs. 0.359 ± 0.018 nM·mg 
protein-1). There was no significant interaction or main effects for MDA or 8-OHdG. GSSG 
experienced a short- lived increase and GSH a transient decrease immediately following both 
exercise modes. These data suggest that 30 minutes of aerobic and anaerobic exercise performed 
by young, cross- trained men (a) can increase certain biomarkers of oxidative stress in blood, (b) 
differentially affect oxidative stress biomarkers, and (c) result in a different magnitude of 
oxidation based on the macromolecule studied. Practical applications: While protein and 
glutathione oxidation was increased following acute exercise as performed in this study, future 
research may investigate methods of reducing macromolecule oxidation, possibly through the 
use of antioxidant therapy. 
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Article: 
INTRODUCTION 
Oxidative stress is a condition in which the cellular production of prooxidants exceeds the physi-
ologic capacity of the system to render these inactive. This occurs by way of the body’s 
endogenous antioxidant defense system, in conjunction with exogenous antioxidants consumed 
through dietary sources (14). The generation of reactive oxygen species (ROS), such as singlet 
oxygen (·O), superoxide radical (O2· -), and hydroxyl radical (·OH), occur as a consequence of 
normal cellular metabolism and appear to be increased under conditions of both psychological 
and physical stress (49). While regular exercise training is associated with numerous 
health benefits, it can be viewed as an intense physical stressor leading to increased oxidative 
cellular damage, likely due to enhanced production of ROS (23, 49). Cellular damage is often 
represented by modifications to macromolecules, including proteins, lipids, and nucleic acids, 
and can occur as a result of high intensity or moderate- to long-duration exercise (40). 
 
A single bout of exercise can result in activation of several distinct systems of radical generation 
(21) and may be separated into both primary (e.g., electron leakage through the mitochondria 
during aerobic respiration, prostanoid metabolism, catecholamines, and the enzymes xanthine 
oxidase [perhaps via ischemia-reperfusion conditions] and nicotinamide adenine dinucleotide 
phosphate [NADPH] oxidase), as well as secondary sources (e.g., phagocytic cells, disruption of 
iron containing proteins, and excessive calcium accumulation). While it is fairly well accepted 
that ROS production and subsequent tissue damage resulting from aerobic exercise is largely due 
to an increased flux in electron transport leading to an increased leakage of superoxide radicals, 
the generation of ROS during and following anaerobic exercise may be mediated through a 
variety of other pathways (21). These include xanthine and NADPH oxidase production, ische-
mia reperfusion, prostanoid metabolism, phagocytic respiratory bursts, disruption of iron 
containing proteins, and excessive calcium accumulation, often resulting from the performance 
of muscle-damaging isotonic or eccentric biased muscle actions, which commonly produce 
muscle injury (35). 
 
Due to the myriad of potential mechanisms by which an acute exercise bout could induce ROS 
production and subsequent macromolecule damage, it is possible that aerobic and anaerobic 
exercise bouts have differing effects on the generation of ROS. Unfortunately, data addressing 
this issue are scarce at the present time. In fact, only 5 studies have compared aerobic and 
anaerobic exercise bouts with regards to oxidative tissue damage (2, 3, 18, 32, 46). Further, with 
the exceptions of Sahlin et al. (46) and Alessio et al. (3), no investigation has made an attempt to 
compare exercise modes matched for total time. Probably equally important, no investigation to 
date has directly compared aerobic and anaerobic work bouts matched for muscle mass recruited, 
exercise intensity, or total work. Therefore, the purpose of this study was to compare oxidative 
modification to proteins, lipids, DNA, and glutathione in the 24-hour period following aerobic 
 
and anaerobic exercise bouts matched for similar muscle groups recruited, time of exercise 
session, and percentage of maximal aerobic capacity and maximal muscle strength in cross-
trained men. 
 
METHODS 
Experimental Approach to the Problem 
To compare the extent and time course of macromolecule oxidation following acute bouts of 
aerobic and anaerobic exercise, markers of protein, lipid, DNA, and glutathione oxidation were 
assessed using a repeated measures crossover design, with attempts made to control for exercise 
duration, relative intensity, and muscle-group recruitment. 
 
Subjects 
Fen apparently healthy, cross-trained men between the ages of 18 and 35 years were recruited to 
participate in this study (Fable 1). Sample size was determined to observe a statistically detected 
effect given 80% statistical power based on the power calculation using oxidized glu-
tathione:total glutathione (GSSG:FGSH) as the dependent variable. 
 
Eligible subjects were currently participating in both aerobic (e.g., including regular cycling) and 
anaerobic (e.g., resistance training, including regular squatting) exercise no less than 3 days per 
week for a minimum of 30 minutes per session. The subjects’ exercise sessions required a 
minimum rating of 15 (i.e., hard) on the Borg rating of perceived exertion (RPE) scale, and 
subjects needed to be involved in these activities consecutively for a minimum of 6 months. In 
addition to the above, criteria for subject enrollment included a cycling maximal oxygen 
consumption (V˙O2max) of ?40 ml·kg-1·min-1 and a 1 repetition maximum (1RM) in the bent 
knee squat exercise of ?1.5 times their body weight. Furthermore, no subject 
was a smoker or used tobacco products or anti-inflammatory drugs. Subjects completed a health 
history, drug usage, and physical activity questionnaires to determine eligibility. All subject 
recruitment and data collection was completed over a 3-month period of similar environmental 
conditions (e.g., temperature, ozone), as these variables may have altered oxidative stress 
biomarkers. Prior to participation, each subject was informed of all procedures, potential risks, 
and benefits associated with the study through both verbal and written form in accordance with 
the procedures approved by the University Institutional Review Board for Human Subjects 
Research and signed an informed consent form prior to being admitted as a subject. 
 
Anthropometric Measurements 
Subjects’ height and weight were measured using a Seca stadiometer and electronic scale 
(Hanover, MD), respectively. Body fat percentage was estimated using a 7-site (chest, triceps, 
midaxillary, suprailium, abdominal, sub- scapular, thigh) skinfold test using Harpenden calipers 
(Creative Health Products, Ann Arbor, MI) as previously described (20). 
 
Maximal Exercise Testing 
Prior to each test, both the flow meter and the gas analyzers on the SensorMedics Vmax 229 
metabolic system (SensorMedics, Yorba Linda, CA) were calibrated. In addition, the 
environmental conditions in the laboratory were measured. A maximal graded-exercise test on a 
Lode Excalibur electronically braked cycle ergometer (Seattle, WA) was performed for 
determination of V˙O2max. The highest mean 1-minute V˙O2 value obtained during testing 
(whether peak or max V˙O2) was used to calculate the workload to be used during the 
submaximal aerobic-exercise protocol. On a separate occasion, subjects performed a 1RM test 
for the bent-knee squat exercise using free weights. Each subject was instructed as to the proper 
performance of this movement, observed demonstrations, and was given several attempts (6–8) 
as they worked toward their 1RM, with 3 minutes between each attempt. The maximum amount 
of weight that could be lifted 1 time in perfect form (using a 2-second eccentric/ concentric 
tempo) was recorded as the 1RM and was used to calculate the weight to be used during the 
submaximal anaerobic exercise protocol. 
 
Submaximal Exercise Protocols 
Within 2 weeks of the initial assessment, subjects returned to the exercise physiology laboratory 
(between 7 and 10 AM) following an overnight fast (8–12 hours). Subjects were instructed not to 
perform any exercise for the 48-hour period preceding the 2 submaximal exercise days and were 
also instructed to complete a food diary as described below. The weight of each subject was then 
obtained to determine if any change occurred since the day of maximal exercise testing. After a 
10-minute rest period, an initial blood sample (pre-exercise) was taken from an antecubital vein 
by a trained phlebotomist. Approximately 10 ml of blood was obtained by vacutainer, with the 
same sterile procedures used for all blood samples taken throughout this study. 
 
In random order, and separated by 1–2 weeks, subjects performed both aerobic exercise (cycling 
at 70% of V˙O2max for 30 minutes on a cycle ergometer) and anaerobic exercise (squatting at 
70% of 1RM for 30 minutes— total time including both work and rest) in a crossed design. The 
cycling exercise was continuous, while the squat routine was intermittent (i.e., subjects 
performed sets to a point of momentary muscular failure [i.e., 5–12 repetitions] and rested for 
90–120 seconds between each set). 
 
For the submaximal cycling protocol, subjects first warmed up for a 6-minute period, with 2 
minutes spent at workloads equal to 40, 50, and 60% of V˙O2max values as assessed during 
V˙O2max testing. The workload was then increased to that which correlated with 70% V˙O2max 
and was adjusted every 5 minutes if necessary in order to maintain 70% V˙O2max for the entire 
30-minute exercise session. Subjects were allowed to consume water during the exercise as 
needed. At the conclusion of the 30- minute exercise protocol, a blood sample was immediately 
taken (0 hours post). 
 
For the submaximal squat protocol, subjects were also fitted with a facemask for collection of 
expired gases and the mask remained on for the entire test period. Subjects were then asked to 
warm up by performing 5 minutes of light stationary cycling and performed 3 warm-up sets in 
the squat exercise for 5–6 reps each, with 90–120 seconds of rest between each, at a weight equal 
to 40, 50, and 60% of 1RM values as assessed during 1RM testing. The weight was then 
increased to 70% 1RM and sets were performed at this weight (or a weight 10% less than this 
weight if subjects could not complete at least 5 reps in proper form) for the entire 30-minute 
exercise session. Each set was performed to a point of momentary muscular failure, which 
allowed for the performance of 5–12 reps (mean ± SEM = 7.16 ± 0.53 reps per set), depending 
on the subject and the degree of fatigue as the protocol progressed. Subjects rested for 90–120 
seconds between each set. The total time of the session was 30 minutes, including both work and 
rest time. That is, a watch was started and subjects performed their first set and rested, performed 
another set and rested, and so on until 30 minutes of time elapsed. Therefore, the protocol was 
not based on the total number of sets performed but rather on the total time of the session. This 
allowed for some subjects to complete 1 to 2 more sets than other subjects, depending on the 
total duration of each of their sets (mean ± SEM = 13.10 ± 0.28 sets per 30 minutes). Subjects 
were allowed to consume water during the exercise as needed. When subjects neared the end of 
the 30-minute period, the final set was carried to failure and they immediately sat in a chair for 
blood collection (0 hours post). 
 
Following both exercise modes, subjects remained in the laboratory until 1-hour postexercise, at 
which time a third (1 hour post) blood sample was obtained. Subjects returned to the laboratory 
at 6 hours postexercise for a fourth (6 hour post) blood sample. Subjects also returned the 
following morning (between 7 and 10 AM), again in a fasted state, for a fifth (24 hour post) 
blood sample. Procedures were similar for all subjects, and during both the cycling and squatting 
sessions, V˙O2 was monitored continuously and recorded. 
 
Dietary Records 
All subjects were instructed to maintain their normal diet during the study period and to 
complete daily food records to allow for nutrient intake assessment between the days 
surrounding each protocol. The same researcher provided instruction regarding portion sizes and 
recording of foods and beverages consumed. Records were kept for the 3 days prior to each 
submaximal exercise protocol, in addition to the day of testing. Upon completion of the first 
protocol of assignment, diet records were analyzed and results returned to subjects so that they 
could attempt to consume a similar diet during the days surrounding the performance of the 
second protocol. Records were analyzed for total calories, protein, carbohydrate, fat, vitamin C, 
vitamin E, and vitamin A intake (Nutritionist IV, The Hearst Corporation San, Bruno, CA). 
 
Handling and Analysis of Blood Samples 
Blood samples for analysis of plasma proteins, protein carbonyls (PC), malondialdehyde (MDA), 
and glutathione status were collected into 10-ml vacutainer tubes containing 0.117 ml of 15% 
ethylenediaminetetraacetic acid (EDFA) solution and immediately processed. Fhree milliliters of 
whole blood were immediately removed, treated, and stored at -80° C (Revco, Ashville, NC) 
until analyzed for glutathione status. The remaining blood was immediately centrifuged at 3,000 
rpm for 15 minutes at 4° C in a Beckman (J2-21) centrifuge (Fullerton, CA) to obtain plasma. 
The plasma was stored at -80° C until analyzed for the dependent variables. Additionally, at the 
pre- and 24-hour postexercise collection periods, 5 ml of blood was collected into serum 
collection vacutainer tubes for analysis of 8-hydroxy-2'-deoxyguanosine (8-OHdG). Blood was 
allowed to clot at room temperature for 30 minutes and then serum was separated by 
centrifugation at 3,000 rpm for 15 minutes at 4° C in a Beckman (J2-21) centrifuge. The serum 
was then stored at -80° C until analyzed for 8-OHdG as described below. All assay procedures 
were performed in duplicate. Intra- and interassay variability was less than 6%. 
 
Plasma Protein 
Plasma protein was determined by the method of Lowry et al. (31), comparing values to known 
standards. Values were then adjusted to 4 mg·ml-1 protein using phosphate buffer (100 mM 
potassium phosphate + 100uM EDFA) for the assay of plasma protein carbonyls as described 
below. 
 
Protein Carbonyls 
Plasma was adjusted to 4 mg·ml-1 protein using a phosphate buffer. Protein carbonyls were 
determined using the 2,4-dinitrophenolhydrazine (DNPH) spectrophotometric method as 
described by Levine et al. (28). Briefly, samples containing either 2 N HCL or DNPH were 
passed through columns containing Sephadex G 10 and rinsed with 2 N HCl. The effluent was 
collected, mixed with guanidine HCL, and the absorbance determined at 360 nm on a Shimadzu 
UV-1601 spectrophotometer (Shimadzu, Columbia, MD). For all samples, the change in absor-
bance with and without DNPH was calculated. Values are expressed as molar quantities using 
the extinction coefficient 22,000 M-1·cm-1 in nM·mg protein
-1
. 
 
Malondialdehyde 
Total malondialdehyde was measured as previously described by Gerard-Monnier et al. (13). 
Samples were mixed with 500 mM butylated hydroxytoluene in acetonitrile and 12 N HCl and 
allowed to incubate at 60° C for 80 minutes. Following this, samples were cooled to room 
temperature and working reagent (i.e., 1 volume of 100% methanol with 3 volumes of 10.3 mM 
N-methyl-2-phenylindole in acetonitrile) was added to each sample tube, mixed, and centrifuged 
(Eppendorf 5415C, Brinkman Instruments, Westbury, NY) at 13,000 rpm for 5 minutes. The 
clear supernatants were transferred to microcentrifuge tubes, 12 N HCl was added, and tubes 
were centrifuged at 13,000 rpm for 5 minutes. The supernatants were transferred to cuvettes, the 
absorbance measured at 586 nm on a Shimadzu UV-1601 spectrophotometer and 
 
values compared with those of known standards. Values are expressed in nM•mg protein-1. 
 
8-Hydroxy-2'-Deoxyguanosine 
Measurement of 8-OHdG was performed using an enzyme-linked immunosorbent assay kit 
purchased from OXIS Health Products, Inc. (Portland, OR), and the assay procedures followed 
those of the manufacturer. Briefly, 50 µl of ultrafiltrated serum or standard was added per 
microtiter plate well, in addition to 50 µl of reconstituted primary antibody. The plate was sealed 
tightly and allowed to incubate at 37° C for 1 hour. The wells were washed thoroughly, 100 µl of 
reconstituted secondary antibody was added per well, the plate was sealed tightly and then 
allowed to incubate at 37° C for 1 hour. The chromogen was diluted with 100 volumes of 
chromogen dilution buffer, the plate washed again, and 100 µl of the diluted chromogen added 
per well. The plate incubated at room temperature in the dark for 15 minutes. Following this, 100 
µl of stop solution was added to each well, and the absorbance was read at 450 nm on a 
microplate reader (Molecular Devices, Sunnyvale, CA). All values are expressed in ng•ml
-1
. 
 
Glutathione Status 
Whole blood was used for determination of glutathione status, using the method described by 
Anderson (5). Both FGSH and GSSG were analyzed using 5,5'-diothiobis-2 nitrobenzoic acid 
(DFNB) to combine with reduced glutathione (GSH) to form 5-thio-2-nitrobenzoic acid (FNB). 
GSSG was reduced back to GSH by glutathione reductase in the presence of NADPH. The rate 
of FNB formation determined at 412 nm using a Shimadzu UV-1601 spectrophotometer was 
used. GSH was computed by subtracting 2 times the value obtained for GSSG from FGSH (GSH 
= FGSH - 2[GSSG]). 
 
Statistical Analyses 
The data obtained for PC, MDA, and glutathione status (FGSH, GSH, GSSG, and GSSG/FGSH) 
were analyzed using a 2 X 5 repeated-measures analysis of variance (ANOVA). The data 
obtained for 8-OHdG were analyzed using a 2 X 2 repeated-measures ANOVA. Significant in-
teractions and main effects were analyzed using Tukey’s post hoc tests. Dietary variables were 
compared using a 1-way ANOVA. All analyses were performed using JMP statistical software 
version 4.0 (SAS Institute, Cary, NC). Statistical significance was set at p ≤ 0.05. The data are 
presented as mean ± SEM, except for subject characteristics and dietary variables, which are 
presented as mean ±SD. 
 
RESULTS 
Submaximal Cycling and Squatting Data 
All subjects completed all aspects of the submaximal exercise sessions with 100% compliance. 
The mean percent of V˙O2max (73.06 ± 0.50) and 1RM (61.81 ± 1.58) maintained during the 
cycling and squatting sessions, respectively, deviated slightly from the initially planned fixed 
values of 70% V˙O2max and 1RM. As expected, subjects consumed more total oxygen during 
the cycling protocol than during squatting (87.51 ± 3.39 vs. 53.31 ± 2.61 L, p ≤ 0.0001). 
 
Dietary Data 
The mean daily calories, protein, carbohydrate, fat, vitamin C, vitamin E, and vitamin A intake 
during the 3 days preceding and the 1 day following the submaximal exercise sessions are 
presented in Fable 2. Subjects consumed an average diet comprised of sufficient calories, macro- 
nutrients, and vitamins (C, E, and A). No statistically significant differences were noted between 
exercise modes for any measured dietary variable. 
 
Protein Carbonyls 
Plasma protein carbonyl data before and following the submaximal cycling and squatting 
sessions are presented in Figure 1. There was a significant exercise mode X time interaction for 
plasma protein carbonyls, with values statistically greater at 6 and 24 hours postexercise 
compared with pre-exercise for squatting (p ≤ 0.05). Additionally, values were statistically 
greater at 24 hours postexercise for squatting compared with cycling (p ≤ 0.05). 
 
Malondialdehyde 
Plasma malondialdehyde data before and following the submaximal cycling and squatting 
sessions are presented in Figure 2. There was no significant interaction or main effects for 
plasma malondialdehyde. 
 
8-Hydroxy-2'-Deoxyguanosine 
Serum 8-OHdG data before and following the submaximal cycling and squatting sessions are 
presented in Figure 3. There was no significant interaction or main effects for serum 8-OHdG. 
However, the main effect for time approached statistical significance (p = 0.0612). 
 
 
 
 
 
Glutathione Status 
There was no significant exercise mode or time main effects or exercise mode x time interaction 
effect for whole- blood FGSH. There was no significant difference between exercise modes for 
GSSG. However, during cycling, GSSG was greater immediately postexercise compared with all 
time points (p ≤ 0.05). Because this pattern was not observed for squatting, a significant exercise 
mode-by-time interaction occurred. There was no exercise mode x time interaction or exercise 
mode main effect for whole-blood GSH. A main effect for time was noted for whole-blood GSH. 
Values were lower immediately postexercise compared with all other time points (p ≤ 0.05). 
There was no significant interaction or exercise mode main effect for whole-blood GSSG:FGSH. 
However, a time main effect was noted, with whole-blood GSSG:FGSH values statistically 
greater immediately postexercise compared with all other time points (p ≤ 0.05), reflecting both 
the decrease in FGSH and GSH and the increase in GSSG concentrations immediately 
postexercise (Figure 4). 
 
DISCUSSION 
The present study compared oxidative modification of blood proteins, lipids, DNA, and 
glutathione during the 24-hour period following both aerobic and anaerobic exercise bouts 
performed by cross-trained men. To our knowledge, this is the first investigation to compare oxi-
dative stress with these popular modes of exercise while attempting to match for muscle groups 
recruited, total time of the exercise bout, and relative exercise intensity. The main findings of this 
investigation were (a) protein oxidation based on PC was increased after anaerobic exercise 
compared with pre-exercise and was 1.8 times higher at 24 hours postexercise for anaerobic 
compared with aerobic exercise; (b) lipid peroxidation based on MDA revealed an increasing 
trend immediately postexercise following both aerobic and anaerobic exercise but failed to reach 
statistical significance; (c) DNA oxidation based on 8-OHdG tended to increase from pre-
exercise to 24 hours postexercise for anaerobic exercise, but the increase failed to reach 
statistical significance; and (d) glutathione oxidation increased immediately postaerobic exercise 
as evidenced by a statistically significant increase in GSSG and a decrease in GSH immediately 
postexercise. 
 
All subjects appeared to consume adequate dietary energy, macronutrients, and vitamins (C, E, 
and A) during the days surrounding both the cycling and squatting sessions. In fact, subjects’ 
mean intake of vitamin C was almost 3 times the current recommended dietary allowance (RDA) 
of 90 mg•d-1. While such an intake exceeds current recommendations, it is far less than the 500–
3,000 mg amounts of vitamin C that have been used previously in an attempt to attenuate 
oxidative stress after exercise (1, 7). Therefore, it is not believed that subjects’ vitamin C intake 
impacted the results. Furthermore, with the exception of vitamins E and A (approximately 
consumed at the recommended intake of 15 mg•d-1 and 900 retinol equivalents•d-1, 
respectively), there exists no evidence suggesting that any dietary variables analyzed influenced 
the markers of oxidative stress. While it is possible that long-term intake at values slightly 
greater than the RDA could potentially impact the biomarkers studied here, conclusive evidence 
in regard to this is unavailable. Therefore, we have no reason to suspect that the slight 
differences in dietary intake impacted the results obtained for the dependent variables in this 
investigation. 
 
Relatively few data are currently available in relation to PC following exercise, especially in 
reference to human subjects. Pertaining to aerobic exercise, Alessio et al. (3) reported increased 
PC immediately postexercise following a graded treadmill protocol, with values approaching 
baseline 1 hour after exercise. These findings were supported by Patrick et al. (personal 
communication), who noted an approximate fourfold increase in PC immediately following 30 
minutes of treadmill running at 75% VO2max. While PC in the present study was highest im-
mediately postexercise following 30 minutes of cycling at approximately 73% V˙O2max, the 
elevation from baseline did not reach statistical significance (0.3020 ± 0.0279 to 0.5180 ± 0.0609 
nM•mg protein-1, mean ± SEM). It is possible that aerobic exercise of a greater intensity or du-
ration could have produced PC at greater concentrations after exercise, as shown previously by 
Goldfarb et al. (15). It is interesting to note that the mean PC values for subjects in the present 
investigation were lower (0.518 nM•mg protein-1) than those reported by Goldfarb et al. (15) in 
subjects following the 60% (0.60 nM•mg protein-1) and 80% (1.20 nM•mg protein-1) V˙O2max 
bouts. Davis and coworkers (10) recently demonstrated an exercise duration effect on PC 
elevation following cycling exercise in trained men. The PC increase was observed within 1 hour 
after exercise, with the greatest elevation following a 120- minute ride (0.78 nM•mg protein-1), 
compared with either a 30-minute (0.51 nM•mg protein-1) or 60-minute (0.58 nM•mg protein-1) 
ride. Additionally, under all conditions, PC levels approached baseline by 1 hour postexercise. 
Based on these findings, which were obtained under similar cycling exercise conditions, it 
appears that the training status of the subjects could have impacted blood protein oxidation. That 
is, subjects in the present study, in addition to those in the Davis et al. (10) investigation, were 
aerobically trained and experienced an attenuated increase in PC compared with untrained 
subjects in the Goldfarb et al. (15) study. 
 
The present study is the first that we are aware of that has extended the time course of 
measurement of PC beyond 60 minutes postaerobic exercise. Similar to previous work using 
aerobic exercise, the greatest rise in PC occurred immediately postexercise, with a progressive 
decline toward baseline values in the hours after exercise. The transient rise in PC following 
aerobic exercise is likely due to increased oxygen flux through the mitochondrial electron 
transport chain because oxygen uptake during exercise may increase approximately 10-fold but 
returns rapidly to baseline levels postexercise. 
 
Four published reports related to PC following anaerobic exercise currently exist, with 2 studies 
investigating PC in human blood samples (3, 26), 1 in human skeletal muscle (47), and 1 in rat 
lung tissue (41). The present study showed an initial, but statistically insignificant, increase in 
PC immediately postexercise, with a secondary rise at 6 and 24 hours postexercise that reached 
statistical significance. This study adds to the current literature by showing that isotonic 
resistance exercise can increase plasma PC at 6 hours postexercise, earlier than previously 
reported following pure eccentric exercise (26). 
 
This secondary rise in PC following resistance exercise may be attributed mechanistically to 
invasion of phagocytic cells into damaged muscle tissue. This typically occurs several hours 
postexercise and can generate a substantial amount of oxygen radical species (21, 23) while 
simultaneously increasing inflammation and subsequent muscle soreness. Subjects in the present 
study reported significant muscle soreness in the hours following squatting, which reached a 
mean peak rating of 6.35 (on a 10- cm visual analog scale) by 24 hours postexercise. While 
muscle soreness is considered an indirect marker of muscle injury and may not directly relate to 
loss of structural or contractile muscle protein, it does appear to have a moderate degree of 
correlation with PC (r = 0.498, p < 0.0003) as reported by Lee et al. (26). Concordantly, analysis 
of the present data also revealed a correlation between PC and muscle soreness for the squatting 
protocol (r = 0.468, p = 0.0006), suggesting that muscle soreness may be a reasonable predictor 
of protein oxidation following resistance-type exercise. Additionally, despite the moderate to 
high levels of anaerobic training performed by subjects, the increase in PC and muscle soreness 
still occurred. Previous studies have suggested that chronic exercise training can impart a 
protective mechanism against muscle damage (35) and oxidative stress by way of an 
upregulation in antioxidant enzymes and thiols, reduction of radical leakage during oxidative 
phosphorylation, and/or reduced production of oxidants during and following exercise (22). 
However, based on data from the present study, such protection does not appear adequate to 
totally eliminate muscle soreness or protein oxidation, provided the workload is of sufficient 
intensity. 
 
Besides the potential increase in protein oxidation due to invasion of phagocytic cells, the 
disruption of iron-containing proteins, such as erythrocytes, can lead to an increase in free iron, 
which is known to catalyze radical reactions (21). Therefore, exercise that creates a significant 
degree of trauma (e.g., high-force eccentric and concentric muscle actions) may lead to 
destruction of these heme proteins, allowing for increased free-iron availability to aid in the 
production of ROS. An imbalance in calcium homeostasis, which is believed to be a major con-
tributor to muscle injury resulting from resistance type exercise (12), may also be associated with 
ROS generation through activation of phospholipase and proteolytic enzymes (21). Furthermore, 
the enzyme xanthine oxidase has been noted to be a radical species generator (21, 23) and may 
be mediated by high-intensity exercise conditions where muscle is metabolically compromised 
and perhaps damaged (i.e., adenosine triphosphate degradation is greater than generation and 
calcium homeostasis is lost), as was purported in the squatting protocol. Thus, these factors 
could help to explain the elevation in protein oxidation observed following squatting in the 
present study. The increase in ROS production resulting from any of the these sources could lead 
to oxidation of amino acid side chains and fragmentation of polypeptides, as all amino acids are 
susceptible to metal-catalyzed oxidation (40). 
 
Only Alessio et al. (3) has compared PC following aerobic and anaerobic exercise, and noted 
greater values following a graded-exercise treadmill test compared with intermittent isometric 
handgrip exercise. While these findings are in opposition to those of the present study, the 
exercise protocols are vastly different. Unlike the current investigation, Alessio et al. (3) did not 
attempt to match the amount/size of muscle mass recruited nor the intensity of activity between 
the aerobic and anaerobic conditions. To our knowledge, the current investigation is the first to 
compare aerobic and anaerobic exercise bouts matched for muscle groups recruited, time of 
exercise session, and relative exercise intensity, in relation to PC. 
 
Results from the present study indicate that lipid per- oxidation, as measured by total plasma 
MDA (free and protein-bound Schiff base conjugates), was not significantly elevated at any time 
point postexercise following either cycling or squatting. Sacheck and colleagues (45) and Alessio 
et al. (1) reported increases in MDA and thiobarbituric acid reactive substances (FBARS), 
respectively, immediately postaerobic exercise. Both of these studies used treadmill running 
instead of cycling, with subjects working at slightly higher percentages of their V˙O2max (75–
80% vs. 73% in the current study), a factor that has been reported to affect the degree of lipid 
per- oxidation (25, 30). Thus, it is possible that the intensity and/or the duration of cycling 
performed in the present study was not great enough to produce a significant increase in MDA. 
Values returned to baseline by 1 hour postexercise and, as previously suggested, this short-lived 
rise in MDA is likely due to increased catabolism, excretion, or redistribution throughout the 
body (16, 25). This hypothesis is underscored by the fact that MDA-reactive substances turn over 
within minutes and not many hours to days as is the case for PC (9). Other investigations 
utilizing protocols of similar intensity and duration to that used in the present study corroborate 
our findings of little to no rise in MDA (33, 44). Therefore, higher intensity aerobic protocols 
(>80% V˙O2max) appear to be necessary to increase MDA significantly. 
 
While lipid peroxidation appears to be increased in an intensity-dependent manner following 
aerobic exercise, it is unclear what is required mechanistically to increase lipid peroxidation 
during anaerobic exercise. Similar to the current study, several investigators have reported no 
change in either MDA or FBARS following anaerobic isotonic or eccentric exercise (6, 8, 17, 27, 
47, 53), while some have reported an increase following isometric (11, 50) and isotonic exercise 
(34). Others have reported an increase in lipid hydroperoxides exclusively without an increase in 
MDA following handgrip exercise (3), suggesting the biomarker chosen may be important. 
 
Only 3 studies have used isotonic resistance exercise involving large-muscle groups in the study 
of lipid per- oxidation, with 2 agreeing with the findings of the present study (6, 53). In the 
present study, we did not observe an increase in MDA during the 24-hour period following 
squatting, findings that corroborate all other studies of eccentric and isotonic resistance exercise, 
with the excep tion of 1 (34). It is possible that elevations in MDA due to ROS production are 
more dependent on increased oxygen uptake or transient periods of ischemia/reperfusion, as may 
be likely during isometric handgrip exercise, rather than infiltration of phagocytic cells and a 
potential loss in calcium homeostasis secondary to muscle injury, as may be the case for PC. 
More research is needed to fully understand the impact of anaerobic exercise, in particular 
moderate-intensity resistance exercise, in relation to MDA. 
 
Of the 3 studies that have made comparisons between aerobic and anaerobic exercise in relation 
to lipid peroxidation, all have reported either similar responses between the 2 modes or a more 
pronounced increase following anaerobic exercise (2, 3, 32). While these results suggest that 
anaerobic exercise can increase lipid peroxidation to a greater extent than aerobic exercise, the 
protocols used in these investigations differed greatly from those used in the current study (i.e., 
isometric or sprint protocols compared with isotonic full-body squatting), which noted no 
difference in MDA between exercise modes. Additionally, because subjects in the present study 
were cross-trained, it is possible that the lack of increase in MDA was due to greater cellular 
protection against ROS-mediated oxidation, as previously reported (40). 
 
As with proteins and lipids, DNA appears to undergo oxidation following aerobic exercise in an 
intensity- and duration-dependent fashion (4, 36, 37, 42). Shorter duration trials similar to those 
performed by subjects in the current study have failed to result in an increase in DNA oxidation 
measured by 8-OHdG (45, 51, 52). However, at least 1 study has shown a slight increase in DNA 
oxidation in white blood cells following a relatively shorter duration (e.g., 90 minutes) treadmill 
running (54). In this investigation, animals were forced to run downhill at 24 m·min-1, a protocol 
that may have induced muscle damage and the generation of ROS. Furthermore, the exercise 
duration was 3 times that of the present study, making appropriate comparisons difficult. Faken 
together with the few studies in the literature utilizing more widely practiced aerobic exercise 
bouts (e.g., 30 minutes, 60–70% VO2max), the evidence from the current investigation re-
inforces previous data suggesting that moderate duration and intensity aerobic exercise does not 
increase DNA oxidation as measured by 8-OHdG. It should be noted that this is the first study 
that we are aware of that has measured serum 8-OHdG in relation to exercise. Therefore, 
collectively with the current literature, it appears that neither urinary nor serum 8-OHdG values 
are altered as a result of moderate-duration and -intensity aerobic exercise. This, however, does 
not exclude the possibility that changes in 8-OHdG could be present in the active skeletal 
muscle, as both urinary and blood measurements of this biomarker may be diluted in comparison 
with the actual site of generation (e.g., the active skeletal muscle). 
 
Pertaining to anaerobic exercise, only 2 studies are currently available in regard to DNA 
oxidation, reporting an increase in skeletal-muscle 8-OHdG (43) and the number of micronuclei 
in 3,000 binucleated blood lymphocytes (48) following eccentric and exhaustive sprint exercise, 
respectively. These findings differ with those of the current study that did not find any 
statistically significant increase in serum 8-OHdG from pre- to 24 hours postexercise, despite an 
increase in 9 of 10 subjects. A post hoc power analysis indicated that 28 subjects would have 
been needed in order to observe a statistically significant effect. Differences in findings may be 
attributed to the dissimilarity in exercise protocols, the type of sample analyzed, in addition to 
the fact that subjects in the present study were anaerobically well trained and possibly better 
protected against oxidative modifications to DNA. It was shown by Radak and colleagues (39) 
that regular aerobic exercise training in rats can increase the activity of 8- OHdG repair enzymes, 
attenuating 8-OHdG in both middle-aged (20-month-old) and aged (30-month-old) animals. 
Radak et al. (38) extended these findings recently by demonstrating that a single bout of exercise 
can increase the activity of a specific DNA repair enzyme in human skeletal muscle (human 8-
oxoG DNA glycosylase) that functions to curb the elevation in 8-OHdG. While these findings 
were in aerobically trained subjects following a marathon run, it is possible that such adaptations 
could also be present in strength-trained and cross- trained individuals following an acute bout of 
resistance exercise, as performed in the present investigation. This hypothesis would help to 
explain the minimal elevation in 8-OHdG following the squatting protocol. It is possible that the 
lack of a statistically detected increase in this oxidative stress marker could be due to either the 
timing of sample obtainment (24 hours postexercise), the lack of a sufficient intensity and/or 
duration of stimulus, the type of sample analyzed (serum vs. skeletal muscle), or an upregulation 
of the protective mechanisms against oxidative DNA damage as described by Radak et al. (38, 
39). The 24-hour postexercise time point was chosen because, in previous studies, the greatest 
degree of DNA oxidation was reported to occur at this time (48). If measures were obtained at 
time points closer to the end of exercise, perhaps elevations in this marker might have been 
observed. Future work with the inclusion of more frequent sampling following resistance 
exercise may provide more insight into the extent and possible time course of DNA oxidation 
following this form of exercise. Additionally, it should be noted that, while only a small 
percentage (-10%) of total DNA oxidation is represented by 8-OHdG (29), the lack of statistical 
elevations in this marker does not exclude the possibility that DNA oxidation of other base pairs 
could have occurred. This was the first study that we are aware of that has compared aerobic and 
anaerobic exercise bouts in relation to DNA oxidation. 
 
Results from the present study indicate that whole- blood GSSG was statistically greater 
immediately postexercise than at all other time points for cycling, with no statistically detected 
increase observed for squatting. Additionally, GSH was found to be decreased immediately 
following both cycling (32.6%) and squatting (20.9%), while FGSH remained relatively 
unaffected by exercise. As expected, subjects consumed more total oxygen during cycling 
compared with squatting (87.51 ± 3.39 vs. 53.31 ± 2.61 L, respectively), which may have 
enhanced ROS production and subsequent glutathione oxidation as previously described (22). In 
a similar manner as lipid per- oxidation, it is probable that the oxidation of glutathione is most 
dependent on oxygen utilization. 
 
Our findings pertaining to aerobic exercise appear well supported by previous literature (19, 24, 
55), suggesting an acute oxidation of glutathione following aerobic exercise. It is believed that 
such transient changes in glutathione are due to the rapid conversion of GSSG back to GSH, 
through the activity of glutathione reductase. The reduction in GSH may be explained by its 
consumption either to regenerate ascorbic acid and alpha tocopherol or to scavenge certain ROS, 
such as superoxide anion and singlet oxygen. 
 
Glutathione status has also been studied following anaerobic exercise, with some investigators 
reporting a postexercise increase in glutathione oxidation (16, 18, 50), with others reporting no 
change (46). When compared with previous studies assessing glutathione oxidation following 
anaerobic exercise, the findings from the present study in relation to the magnitude of change are 
in agreement. That is, while GSSG increased approximately 22% and 25% from pre- to 
immediately post and 24 hours postexercise, respectively, following squatting. While these 
changes failed to reach statistical significance, the magnitude of change is similar to that 
observed in other studies. Perhaps a larger sample size would have allowed for detection of a 
statistically significant effect. 
 
Only 2 studies have compared glutathione oxidation following acute bouts of aerobic and 
anaerobic exercise. Sahlin et al. (46) found similar increases in FGSH during 80 minutes of 
intermittent isometric handgrip exercise and cycling exercise performed at 60% V˙O2max. Inal 
et al. (18) compared bouts of 800- and 100-m swimming in trained swimmers on blood GSH and 
noted similar changes following both intensities of exercise, with GSH decreasing during the 40 
minutes after exercise. Results from the present study suggest little change for FGSH following 
either exercise mode, with a decrease in GSH mainly following cycling. Because neither of the 
previous studies measured GSSG, it is not known whether or not this marker was affected by 
such protocols. Furthermore, the anaerobic exercise bouts described above are far different from 
the squatting protocol used in the present study. Therefore, making comparisons between these 
investigations is difficult. 
 
Results indicate that (a) 30 minutes of aerobic and anaerobic exercise performed by young, 
cross-trained men can increase protein and glutathione oxidation in human blood while having 
little impact on lipid or DNA oxidation; (b) protein oxidation appears to be more greatly affected 
by anaerobic exercise and the magnitude of protein oxidation is greater following anaerobic 
compared with aerobic exercise; and (c) glutathione oxidation appears to be more greatly 
affected by aerobic exercise. 
 
Based on these findings, it appears that ROS-mediated oxidation of proteins, lipids, nucleic 
acids, and glutathione is not solely dependent on oxygen flux through the mitochondria, as 
oxygen uptake differed drastically between exercise modes. Rather, multiple factors, including 
xanthine oxidase, disruption of iron-containing proteins, calcium imbalance secondary to muscle 
injury, and inflammatory-mediated production of ROS and subsequent oxidation of 
macromolecules following acute bouts of aerobic and anaerobic exercise, may be involved. Fur-
thermore, the oxidizing potential of these factors may differ based on the macromolecule studied. 
 
In the present investigation, an attempt was made to equate the muscle mass activated, the 
relative exercise intensity, and the duration of the exercise protocols. Despite these attempts, 
cycling exercise resulted in a greater total oxygen uptake (87.51 ± 3.39 vs. 53.31 ± 2.61 L). 
Based on these findings, it does not seem possible to equate all variables (e.g., V˙O2, muscle 
mass, exercise intensity, exercise time) when attempting to match aerobic and anaerobic exercise 
modes. Therefore, future studies comparing the degree of oxidative stress resulting from the 
performance of acute aerobic and anaerobic exercise bouts should consider the marker of 
investigation prior to designing the study. That is, if the markers of interest are those that appear 
to be more greatly affected by total oxygen consumption (i.e., MDA and GSSG), attempts should 
be made to equate V˙O2 between exercise modes. Likewise, if a marker such as PC is the 
dependent variable, it may be best to equate the degree of muscle activation, perhaps by using 
electromyography techniques. 
 
PRACTICAL APPLICATIONS 
Based on the findings of the present study, it appears as though both protein and glutathione can 
undergo oxidation following short-duration, moderate- to high-intensity anaerobic and aerobic 
exercise, respectively. It has been reported that supplementation with antioxidant vitamins and 
minerals may provide protection against exercise-induced oxidative stress in some, but certainly 
not all, investigations. Therefore, athletes and individuals performing regular structured exercise 
may consider the use of a complete antioxidant supplement as a component of their overall 
training and nutrition plan in an attempt to attenuate any potential increase in oxidative stress. 
However, it should be noted that the data in the present investigation alone do not lend support to 
the use of antioxidant supplementation in individuals who are already well trained. Rather, these 
data provide grounds for further research in this field aimed at investigating the effects of such 
antioxidant therapy as related to suppression of oxidative stress following aerobic and anaerobic 
exercise bouts. Most important, it seems prudent that all individuals perform regular exercise 
training in an effort to upregulate endogenous antioxidant systems, as this activity has been 
shown repeatedly to prove effective. 
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